The red yeast Rhodosporidium toruloide is a versatile host for production of lipids and carotenoids. Genetic tools are underdeveloped for red yeasts due to their unique genetics and physiology. Currently expression of a heterogonous gene in red yeasts is largely based on integration of the designed cassette by Agrobacterium mediated transformation, yet this method is somewhat restricted when multiple genes are required to be expressed due to the lack of functional genetic elements. Here we demonstrate that virus 2A sequence is effective to mediate co-expression of multiple enzymes in R. toruloides. Two different 2A sequences, Porcine teschovirus-1 2A (P2A) and foot-and-mouth disease virus 2A (F2A), were evaluated. It was found that P2A sequence was more effective for co-expression of two antibiotic selection markers. Co-expression of three antibiotic resistance proteins was successful from a single promoter mediated by P2A sequence. When three heterogeneous enzymes responsible for β-carotene biosynthesis were co-expressed, recombinant R. toruloides strains produced up to 4.5-fold more β-carotene than that of the parental one. The use of 2A sequence can facilitate cassette construction to engineer advanced cell factories for production of lipids and related oleochemicals.
INTRODUCTION
The red yeast Rhodosporidium toruloides, now known as Rhodotorula toruloides, is a promising microbe for producing lipids and carotenoids (Li, Zhao and Bai 2007; Park, Nicaud and Ledesma-Amaro 2018) . The advantages of R. toruloides for biotechnological applications lie in several aspects, such as robustness in terms of resistance to various inhibitors (Hu et al. 2009; Yaegashi et al. 2017) , broad substrate scope (Zhao et al. 2010; Xu et al. 2012; Yang et al. 2014; Bommareddy et al. 2015; Zhang et al. 2016d; Soccol et al. 2017) , and versatile product portfolios (Gilbert et al. 1985; Jagtap and Rao 2018) . Therefore, efforts have been devoted to revealing molecular basis of those traits and developing genetic tools for further strain engineering. The genome of a haploid strain R. toruloides NP11 has been annotated based on solid multi-omic data (Zhu et al. 2012) , and genome sequence data have been released of a number of R. toruloides species. The development of Agrobacterium-mediated transformation (AMT) (Liu et al. 2013; Lin et al. 2014 ) and other transformation methods (Takahashi et al. 2014; Liu et al. 2017; Tsai et al. 2017 ) enabled functional expression of gene-of-interest. Thanks to those enabling efforts, engineered R. toruloides species have now been documented for improved production of its regular metabolites (Lee at al. 2016; Wang et al. 2016; Zhang et al. 2016b, c) as well as new compounds (Fillet et al. 2017; Yaegashi et al. 2017) . It should be noted that a successful gene overexpression in R. toruloides requires a promoter and a terminator, and normally, an antibiotic maker gene together its associated promoter and terminator. Because of the lack of well-characterized genetic parts, it remains challenging to engineer R. toruloides when multiple genes are required to be expressed. Virus 2A sequences have been known to mediate the coexpression of multiple proteins in many eukaryotes (De Felipe et al. 2006) . The mechanism is that the 2A sequence drives a translational recoding event, termed 'stop-carry on' recording, with a cleavage (ribosome skipping) in the polyprotein backbone between the last two amino acids in the C-terminus of the 2A peptide (Fig. 1) (Atkins et al. 2007) . For example, genes encoding the penicillin biosynthesis pathway were linked by 2A sequences and co-expressed from a single promoter in Aspergillus nidulans strains for improved production of penicillin (Unkles et al. 2014) . In Saccharomyces cerevisiae, the triterpene friedelin was successfully produced by expressing friedelin synthase with tHMG1 linked by the Equine rhinitis B virus 2A peptide (Souza-Moreira et al. 2018) . Here, for the first time, we demonstrated successful application of Porcine teschovirus-1 2A sequence (P2A) and foot-and-mouth disease virus 2A sequence (F2A) for co-expression of multiple enzymes from a single promoter in R. toruloides. This approach led to co-expression of three heterogeneous enzymes responsible for β-carotene biosynthesis to give recombinant R. toruloides strains with improved β-carotene production. We believe that the use of 2A sequence should facilitate engineering of advanced cell factories for production of lipids and related oleochemicals.
MATERIALS AND METHODS

Strains, media and reagents
Rhodosporidium toruloides NP11 is stored in our laboratory and can be accessed from Guangdong Microbial Culture Collection Center (number: GDMCC 2.224). Agrobacterium tumefaciens AGL1 and Escherichia coli DH5α were employed in routine molecular cloning. Other strains and all plasmids used in this work are listed in Table 1 .
Rhodosporidium toruloides NP11 was cultured at 30
• C in YEPD broth (2 g/L glucose, 1 g/L yeast extract and 1 g/L peptone), A. tumefaciens AGL1 and E. coli strain was cultured in Luria-Bertani (LB) medium (10 g/L NaCl, 10 g/L tryptone and 5 g/L yeast extract) at 30
• C and 37
• C, respectively. Induction medium supplemented with 200 μM acetosyringone for co-culturing red yeast and A. tumefaciens AGL1 was prepared according to the previous standard protocols (Bundock et al. 1995) . Yeast transformants were selected on YEPD agar plate supplemented with proper antibiotics. PrimeStar MAX, restriction enzymes and other enzymes were purchased from Takara (Dalian China). DNA gel purification and plasmid extraction kits were supplied by Sangon Biothech (Shanghai China). Yeast nitrogen base, peptone and tryptone were purchased from Oxiod (Basingstoke, UK). Agar powder, acetosyringone, kanamycin and hygromycin were supplied by Dingguo Biotech (Beijing China). Bleomycin was from Invitrogen (Shanghai, China) and nourseothricin was supplied by Jena Bioscience (Jena, Germany). The primary antibody (anti-His 6 ), and HRP-labeled goat anti-mouse IgG (H + L) were purchased from Beyotime (Shanghai, China), and another primary anti-2A antibody was supplied by Millipore (USA). Oligonucleotides were synthesized by Sangon Biotech or Dingguo Biotech. Primers used in this study are listed in Table 2 .
Plasmid construction
F2A and P2A sequences carried in pUC57 plasmid were synthesized in Synbio Tech (Suzhou, China). To construct the plasmid pZPK-PPGK1-HYG-Tnos-PGPD-CARB-P2A-GGPPS-P2A-CARRP-Thsp This study pJX11, a 400 bp DNA fragment was amplified using the primer set F2A-Ble-F and Ble-puc-R with the template pZPK-PPGK1-BLETnos (Lin et al. 2014) , and then cloned into the pUC57-F2A by the restriction-free (RF) cloning procedure (Van den Ent and Lowe 2006; Unger et al. 2010) . The primes PGK-Hyg-2A-F/Ble-Hspt-R were used to amplify F2A-Ble fragment from plasmid pJX11, then the fragment was cloned into the pZPK-PPGK1-HYG-Thsp (Lin et al. 2014) , resulting in plasmid pJX13 ( Fig. 2A) . The primer set P2A-Ble-F and Ble-puc-R were employed in amplifying a fragment from the template pZPK-PPGK1-BLE-Tnos (Lin et al. 2014) . The fragment was cloned into the pUC57-P2A to form plasmid pJX12 by the RF cloning procedure. The resulting fragment amplified from plasmid pJX12 with the primers PGKHyg-2A-F/Ble-Hspt-R was cloned into the pZPK-PPGK1-HYGThsp (Lin et al. 2014) , assembling plasmid pJX14 ( Fig. 2A) . The P2A-Nat fragment was obtained through fusion PCR, and then cloned into plasmid pJX14 to assemble plasmid pJX15 (Fig. 3A) according to the RF cloning protocol.
To construct plasmid pJX2 (carrying three genes related to biosynthesis of β-carotene), the fragments CARB-P2A, GGPPS-P2A and CARRP-P2A were amplified with primer pairs ADH2-EcoRI-CarB-F/CarB-P2A-BamHI-R, BamHI-GGPPS-F/GGPPS-P2A-KpnI-R and KpnI-CarRP-F/CarRP-P2A-HindIII-R, then digested with EcoRI/BamHI, BamHI/KpnI and KpnI/HindIII respectively. The resulting fragments were then inserted into plasmid pUC18. The EcoRV-CarB-F and CarRP-SpeI-R primer set were used to amplify a 4.7-kb CARB-P2A-GGPPS-P2A-CARRP fragment with plasmid pJX2 as the template. The target fragment and the plasmid pZPK-PPGK1-HYG-Tnos-PGPD-mcs-Thsp (Lin et al. 2014) were treated with EcoRV/SpeI, and then ligated to assemble plasmid pJX16 (Fig. 4A) .
Verification of clones
The assembled plasmids were transferred into R. toruloides NP11 through AMT procedure (Lin et al. 2014) . Single clones were selected from YEPD agar plate containing corresponding antibiotics. Antibiotics were added to the selection plates with concentrations of 50, 50, 50 and 300 μg/mL for hygromycin, bleomycin, nourseothricin and cefotaxime, respectively. To further confirm that T-DNA had been successfully inserted into the genome, PCR was performed using the gDNA samples of transformants as templates.
Western blot analyses were used to detect correct protein expression. Sample preparation was performed based on a standard procedure (Lin et al. 2014) . Protein samples were loaded on a 12% SDS-polyacrylamide and then transferred to Immun-Blot membrane (Salarbio, Beijing, China). The membrane was incubated with the primary anti-2A peptide antibody and the secondary antibody HRP Goat Anti-Rabbit IgG (H + L) antibody (Abclonal, USA) or the primary anti-his 6 antibody and the secondary antibody HRP Goat Anti-mouse IgG (H + L) antibody. The western bolt results were visualized using the enhanced HRP-DAB Chromogenic Substrate Kit (Tiangen, Jiangsu, China) or Tanon Highsig ECL Western Blotting Substrate (Tanon, Shanghai, China).
Measurement of β-carotene production
To assess the performance of the red yeast transformants carrying the cartenogenic P2A construct in genome, the analysis of carotenoid was performed by HPLC equipped with YMC carotenoid C30 column (250 × 4.6mm, 3μm) and UV230 II detector (Elite, Dalian, China). Three random selected single clones were cultivated in YEPD medium for 48 h at 30
• C, 200 rpm.
Aliquots were diluted to an initial OD 600 of 1.6 in 50 mL fresh YEPD medium and cultivated for 108 h at 30 • C, 200 rpm. The extraction of carotenoid was performed according to a published method (Lee et al. 2014; Zhang et al. 2016a ). Gradient analysis method was used to resolve the compounds (Table  S1 , Supporting Information); the mobile phase consisted of A [methanol/H 2 O (92:8 v/v), 10 mM ammonium acetate] and B (methyl tert-butyl ether) with a flow rate of 1 mL/min at 33 • C.
Genome walking
Genome walking was carried out as previously reported (Liu and Chen 2007) . High-quality genome DNA was extracted from the engineered red yeast based on the standard protocol (Lin et al. 2014) . After the second thermal asymmetric interlaced PCR, the specific PCR products were purified and sequenced. DNA sequences were blasted in R. toruloides NP11 genomic database to determine the accurate insertion sites. 
RESULTS
Functional characterization of 2A sequences in R. toruloides
Two virus 2A sequences, namely P2A and F2A (Fig. 1A) , were selected to test their functions in R. toruloides NP11. To improve cleavage efficiency of the corresponding 2A peptide, nucleotide sequence encoding Gly-Ser-Gly was added to the 5'-end of the 2A sequences (Kim et al. 2011; Wang et al. 2015) . In such an expression system, the construct is transcribed into a single RNA encoding a polyprotein, and 2A sequence drives a translational recoding event, termed 'stop-carry on' recording, with a cleavage in the polyprotein backbone between the final two amino acids (Fig. 1B) . Fusion genes were designed by linking the open reading frame (ORF) of HYG and BLE by 2A sequences, and expressed under the control of the promoter PPGK1. Thus, pJX13 and pJX14 were constructed, carrying fusion gene HYG-F2A-BLE and HYG-P2A-BLE, respectively ( Fig. 2A) . The plasmids were transformed into A. tumefaciens AGL1 cells and verified by PCR. AMT was carried out to integrate the expression cassettes into the genome of R. toruloides NP11. It appeared that the transformation involving pJX14 formed much more colonies on selection plates supplemented with hygromycin and bleomycin ( Fig. 2B ; Fig. S1 , Supporting Information). To further confirm functional integration of the fusion gene cassette, transformants were subjected to phenotype and genotype analysis. It was found that those transformants maintained resistant against hygromycin and bleomycin after five consecutive transfers on YEPD agar plate (Fig. 2C) . PCR amplification of genomic samples with the primer pair PGK-F/Thsp-R gave products with expected size (Fig. 2D) . Because those fusion genes had a His 6 -tag sequence at the C-terminus of Hyg, Western blot analysis of cell lysates of the transformants was performed to check protein expression profile. Results showed the presence of protein bands of about 40 kDa (corresponding to Hyg) and 50 kDa (corresponding to a fusion protein Hyg-F2A-Ble) (Fig. 2E) , however, transformants harboring the cassette HYG-P2A-BLE had significantly stronger signal for Hyg band yet weaker for Hyg-F2A-Ble, indicating that P2A sequence was more effective in terms of mediating protein cleavage in R. toruloides. It should be pointed out that the Western blot data were in well agreement with colony formation results of the AMT-mediated transformation experiments. We next tried to co-express three genes. Higher cleavageefficiency P2A peptide was selected to construct pJX15, carrying the ORF HYG-P2A-BLE-P2A-NAT under the control of the promoter PPGK1 (Fig. 3A) . The expression cassette was integrated into the genome of R. toruloides NP11 by AMT method, and colonies appeared on YEPD agar plate supplemented with hygromycin, bleomycin and nourseothricin. To confirm functional integration of the fusion gene cassette, transformants were subjected to phenotype and genotype analysis. Three randomly selected transformants from YEPD agar plate supplemented with corresponding antibiotics could grow stably after five successive cultivations on YEPD agar plate (Fig. 3B) . Clearly, the ORF HYG-P2A-BLE-P2A-NAT had been successfully inserted into the genome due to the positive bands amplified by PGK-F/Thsp-R from the gDNA of transformants (Fig. 3C) . Additionally, to investigate the cleavage of P2A peptide construct to form three single antibiotic proteins, lysates of the transformants were subjected to Western blot analysis using the primary anti-2A peptide antibody. Based on the design of the construct, we obtained expected bands corresponding to 40 kDa (Hyg-P2A) and 16 kDa (Ble-P2A), respectively. Incomplete processing of P2A peptide resulted in the formation of an approximate 57 kDa polyprotein (Hyg-P2A-Ble-P2A) (Fig. 3D) .
Co-expression of β-carotene biosynthetic pathway
To demonstrate the usefulness of 2A sequence for metabolic engineering of R. toruloides, a β-carotene biosynthetic pathway was considered with three genes from the natural carotene producer Blakeslea trispora. These genes, GGPPS, CARB and CARRP, were sequence-optimized based on codon preference of the R. toruloides genome, fused into a single ORF jointed by P2A sequence to give pJX16 (Fig. 4A) . Upon integration by AMT, colonies appeared on YEPD agar plate supplemented with hygromycin. Three transformants, JX161, JX162 and JX163, were randomly selected and subjected to five consecutive transfers on YEPD agar plate supplemented with hygromycin (Fig. 4B) . Again, PCR results indicated that these strains had the entire ORF successfully inserted into the genome (Fig. 4C) . To locate the position of integrated ORF, genome walking experiments were carried out. Results showed that the T-DNA fragment was inserted into 125 854 bp of scaffold 11 in the strain JX161, where it located between RHTO 00898 (encoding dual specificity phosphatase Ibp1) and RHTO 00897 (encoding hst3 protein), while T-DNAs were inserted into 317 668 bp and 317 547 bp of scaffold 11 located between RHTO 03746 (encoding glyceraldehyde 3-phosphate dehydrogenase) and RHTO 03747 (encoding Uracil-DNA glycosylase-like) in the strain JX162 and JX163, respectively (Fig. 4D) . Western blot analysis using anti-2A peptide antibody showed the presence of estimated protein band at molecular weight of about 67 kDa (Carb-P2A) and 38 kDa (Ggpps-P2A). It was noteworthy that a band around 105 kDa was also discernible, suggesting the presence of an incompletely cleaved polyprotein Carb-P2A-Ggpps-P2A (Fig. 4E) . These strains and R. toruloides NP11 were then cultivated in shake flasks for carotenoids production. Results showed that the engineered strains produced slightly more cell mass but remarkably more carotene than the parental strain NP11 did (Table 3 ). The strain JX161 produced the highest β-carotene, which was approximately 4.5-fold higher than that by the strain NP11. The content of β-carotene in the strain JX162 and JX163 were 3.4 and 2.5-fold, respectively, higher than the level of the strain NP11. These results indicated that the integrated cassette was functional in terms of driving β-carotene biosynthesis. Interestingly, those strains showed little differences in terms of the contents of torularhodin, a metabolically competing product of β-carotene (Fig. S2, Suporting Information) . This result suggested further potential to enhance the flux for β-carotene formation.
DISCUSSION
Red yeasts such as R. toruloides naturally bear interesting phenotypic traits of important biotechnological potentials. Genetic manipulation of red yeasts has been documented to further change their metabolic capability during the past few years (Lee et al. 2016; Wang et al. 2016; Fillet et al. 2017; Jagtap and Rao 2018) . These efforts were largely dependent on the AMT method where a cassette ensuring expression of the functional gene and a selection marker gene was randomly integrated into the host genome (Liu et al. 2013; Lin et al. 2014) . Albeit the integration of multiple genes of interest may be attained by AMT sequentially, limitations are obvious due to lack of well-characterized genetic parts, such as promoter, terminator and selection marker. Therefore, it is crucial to devise alternative methods for efficient manipulation of multiple genes. We showed that virus 2A sequence could be employed as an effective part to mediate coexpression of multiple genes in R. toruloides. By integration of a cassette HYG-P2A-BLE into the genome of R. toruloides NP11, transformants were able to grow on the selection plates supplemented with hygromycin and bleomycin, indicating functional production of Hyg and Ble from a single promoter PPGK1 for proper antibiotics resistance. We next constructed the cassette HYG-P2A-BLE-P2A-NAT for co-expression of three marker genes under the control of PPGK1, and indeed, we were able to obtain transformants resistant to three antibiotics. The usefulness of P2A sequence was further demonstrated by successful expression of three B. trispora-originated genes under the control of PGPD1 for improved production of carotene. This was realized efficiently by integration of a pre-assembled cassette CARB-P2A-GGPPS-P2A-CARRP into the genome of R. toruloides NP11. Apparently, the use of 2A sequence can reduce the usage of accessory genetic parts for multiple gene expression. Moreover, it will greatly save time and costs because much less work is expected for DNA fragment assembling and subsequent screening and verification.
Although 2A sequences are believed to mediate production of discrete proteins from 2A constructs, some issues are worthwhile mentioning (De Felipe et al. 2006) . First, 2A peptide cleavage efficiency may vary and thus has a portion of translated products intact. This explains the fact that Western bolt analysis of those R. toruloides transformants harboring fusion genes joint by 2A sequence showed the presence of full-length polyproteins to some extent. It should be mentioned that the insertion location of T-DNA in genome may also affect the cleavage efficiency of 2A peptides. Second, the expression level of the gene downstream the 2A sequence may decrease. In a previous study, four genes linked by three different 2A sequences were successfully expressed for stoichiometric production of four CD3 chains of the T-cell receptor complex (Szymczak et al. 2004 ). In our lab, attempts to transform the plasmid pZPK-pPGK1-CARB-P2A-GGPPS-P2A-CARRP-P2A-HYG-Thsp into R. toruloides NP11 gave no colony on the selection plate even in the presence of hygromycin at a reduced concentration (20 μg/mL), suggesting inefficient expression of HYG due to its location at the end of a four-gene cassette. Fortunately, one may incorporate further with protein fusion method as did in conventional yeast (Zhou et al. 2012 ) to co-express more than four functional genes in R. toruloides species. It should be emphasized that the AMT method integrates T-DNA randomly into the recipient genome, and transformants are considered different in terms of genotype. Therefore, several transformants should be screened to identify better metabolic phenotype. In a previous study, about 100 clones were randomly chosen to check fatty acid composition after AMT transformation, yet about 10%-15% of clones were tested very-long chain fatty acids (Fillet et al. 2017 ). In our case, genome walking results clearly demonstrated that the engineered strains JX161, JX162 and JX163 had their cassette integrated into different locations. Consequently, these strains showed significant differences for carotene production. New tools remain to be developed for more precise genetic manipulation of red yeasts.
In conclusion, we developed a new method by using 2A sequences for effective co-expression of multiple genes in R. toruloides. This will expand our capacity to explore red yeasts for production of versatile products by assembling more complicated pathways.
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